Aims/hypothesis Glucagon-like peptide-1 (GLP-1) has various extra-pancreatic actions, in addition to its enhancement of insulin secretion from pancreatic beta cells. The GLP-1 receptor is produced in kidney tissue. However, the direct effect of GLP-1 on diabetic nephropathy remains unclear.
Introduction
The number of patients with diabetes is increasing dramatically throughout the world, while diabetic nephropathy is the leading cause of end-stage renal disease in developed countries. In addition, chronic kidney disease contributes to development of cardiovascular disease and leads to an increase in all-cause mortality rates [1, 2] . Therefore, prevention of renal insufficiency improves the prognosis of diabetic patients.
Numerous factors contribute to the development of diabetic nephropathy, such as glomerular hyperfiltration [3] , which is mainly observed in early-stage nephropathy, oxidative stress [4] , accumulation of AGEs [5] , activation of protein kinase C [6] , acceleration of the polyol pathway and overexpression of TGF-β [7] . Accumulating evidence also points to the critical role of the inflammatory process in the development of diabetic vascular complications, suggesting that microinflammation is a common mechanism in pathogenesis of diabetic nephropathy [8, 9] . Furuta et al. [10] reported that infiltration of mononuclear cells was prominent in the glomeruli of patients with diabetic nephropathy. Our group has also reported similar results, as well as observing an increase in the production of cell adhesion molecules in the kidney of diabetic patients [11] . We found that intercellular adhesion molecule-1 (ICAM-1) played a key role in promoting macrophage infiltration in glomeruli from a rat model of diabetes [12] , and using mice deficient in ICAM-1, we also showed that blockade of ICAM-1 activation ameliorated diabetic nephropathy [13] . Additionally, we showed that methotrexate, an immunosuppressant, ameliorated diabetic nephropathy and that antiinflammatory agents also had a beneficial effect on diabetic nephropathy [14] . Modulation of the inflammatory process prevents renal injury in animal models of diabetes, suggesting that microinflammation is a potential therapeutic target in diabetic nephropathy [14] [15] [16] [17] .
Glucagon-like peptide-1 (GLP-1) is a gut incretin hormone and currently considered an attractive agent for treatment of type 2 diabetes. It has various beneficial effects on pancreatic beta cells, such as enhancement of glucose-dependent insulin secretion [18] , acceleration of beta cell proliferation and inhibition of beta cell apoptosis [19] . In the gut and hypothalamus, GLP-1 inhibits motility, gastric emptying [20] and central regulation of feeding [21] , resulting in body weight loss [18] . However, native GLP-1 is rapidly degraded in the circulation by dipeptidylpeptidase-IV [22] . Today, dipeptidylpeptidase-IV-resistant, long-acting GLP-1 receptor (GLP-1R) agonists such as exendin-4 and liraglutide are available for type 2 diabetic patients. Previous reports have shown that GLP-1R is produced not only in the pancreas, gut and hypothalamus, but also in the kidney [23] [24] [25] . With respect to the effects of GLP-1 on the kidney, it has been reported that exendin-4 ameliorated hypertension by regulating sodium excretion in tubular cells [26] and attenuated renal injury by improving metabolic anomalies in a mouse model of type 2 diabetes [25] . From these results, the amelioration of hypertension and metabolic anomalies by GLP-1 would seem to have a beneficial effect on diabetic nephropathy. In the present study, we focused on the direct effect of GLP-1 through GLP-1R in the kidney, independently of the numerous other effects of GLP-1, including its glucose-lowering action.
Methods

Animals
Male Sprague-Dawley rats (5 weeks old; Charles River, Yokohama, Japan) were divided into the following groups: (1) non-diabetes (n=5); (2) non-diabetes treated with exendin-4 (n=6); (3) diabetes (n=6); and (4) diabetes treated with exendin-4 (n=6). At the age of 5 weeks, the groups allocated to be made diabetic received intravenous injections of streptozotocin (Sigma-Aldrich, St Louis, MO, USA) at 65 mg/kg body weight in citrate buffer (pH 4.5). We included only rats with blood glucose concentrations >16 mmol/l at 3 and 7 days after streptozotocin injection in the diabetes groups. The nondiabetic groups received injections of citrate buffer alone. The two groups treated with exendin-4 were given exendin-4 (Bachem, Bubendorf, Switzerland) intraperitoneally at 10 μg/kg body weight daily for 8 weeks, starting at 1 week after the streptozotocin or citrate buffer injections. The placebo groups were given water alone using the same schedule as in the exendin-4 treatment groups. All rats had free access to standard chow and tap water. All procedures were performed according to the Guidelines for Animal Experiments at Okayama University Medical School, the Japanese Government Animal Protection and Management Law and the Japanese Government Notification on Feeding and Safekeeping of Animals. All rats were killed at 9 weeks after induction of diabetes in the diabetes groups, and the kidneys were weighed and fixed in 10% (vol./vol.) formalin, or frozen in acetone cooled on dry ice.
Metabolic variables
Systolic BP was measured by tail-cuff plethysmography (Softron, Tokyo, Japan). HbA 1c was measured by the HPLC method. Serum creatinine was measured by the 3-hydroxy-2,4,6-triiodobenzoic acid method. Food intake was calculat-ed as the average over 3 days. Insulin concentration was measured by a rat insulin RIA kit (LincoResearch, St Charles, MO, USA). Urine samples were collected over a 24 h period in individual metabolism cages. Urinary albumin excretion was measured by nephelometry using anti-rat albumin antibody (ICN Pharmaceuticals, Aurora, OH, USA). Creatinine clearance (ml min
) was calculated as described previously [15] .
Light microscopy
The glomerular tuft area and mesangial matrix index (ratio of the mesangial matrix area/glomerular tuft area) were measured using a software package (Lumina Vision; Mitani, Fukui, Japan) as described previously [13] . Periodic acid-Schiff's reagent staining was used to observe the interstitium of the kidney. Quantitative analysis for all staining was performed in a blinded manner.
Immunoperoxidase staining
Immunoperoxidase staining was performed as described [12, 27] . Primary antibodies were macrophages mouse antibody (ED1, 1:50; Serotec, Oxford, UK), 8-hydroxydeoxyguanosin (8-OHdG) mouse antibody (1:10; JalCA, Shizuoka, Japan), NADPH oxidase 4 (NOX4) rabbit antibody (1:300; Novus Biologicals, Littleton, CO, USA) or GLP-1R rabbit antibody (ab39072, 1:200; Abcam, Tokyo, Japan), all of which were applied for 12 h at 4°C. Secondary antibodies were biotinlabelled anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA, USA), which were applied for 60 min at room temperature. The average number of ED1-positive cells per glomerulus was used for the estimation. The ratio of the area stained positive with each of the above antibodies to the glomerular tuft area was calculated with a software package (Lumina Vision).
Immunofluorescence staining
Immunofluorescence staining was performed as described [12] . The primary antibodies were ICAM-1 mouse antibody (1:25; Abcam) or type IV collagen rabbit antibody (1:200; LSL, Tokyo, Japan), which were applied for 60 min at room temperature. Secondary antibodies were FITC-conjugated anti-mouse or anti-rabbit IgG (1:150; Zymed Laboratories, San Francisco, CA, USA), which were applied for 30 min at room temperature. Micrographic fluorescence photos were obtained with a laser-scanning confocal microscope (LSM-510; Carl Zeiss, Jena, Germany). The ICAM-1 and type IV collagen indexes were calculated as described [15] .
Double immunofluorescence staining
The primary antibodies were GLP-1R rabbit antibody (1:200; Abcam) and rat endothelial cell antigen (RECA-1, 1:40; Monosan, Uden, the Netherlands), macrophages (ED1, 1:50) mouse antibody, or NOX4 rabbit antibody (1:300), which were applied for 12 h at 4°C. The secondary antibodies were Alexa-Fluor 488-labelled anti-rabbit and 546-labelled anti-mouse IgG (1:400; Invitrogen, Carlsbad, CA, USA), which were applied for 30 min at room temperature. Nuclei were stained with DAPI (Millipore, Tokyo, Japan). The sections were observed under a fluorescence microscope (BZ-800; Keyence, Osaka, Japan).
Quantitative real-time RT-PCR and gene expression Total RNA was extracted from each sample (the rat renal cortex, glomeruli isolated by a previously reported mechanical sieving technique [28] and cultured cells) using a kit (RNeasy plus Mini; Qiagen, Valencia, CA, USA). Singlestrand cDNA was synthesised from the individual samples of total RNA at 1 μg using a kit (GeneAmp RNA PCR- Fig. 1 a Time course of 24 h urinary albumin excretion. Urinary albumin excretion increased gradually over 8 weeks in the diabetic group. Exendin-4 resulted in a significantly lower level of urinary albumin excretion at 8 weeks than in the untreated diabetes group. *p <0.05; **p<0.01 vs non-diabetic and non-diabetic + exendin-4 groups. Black circles, non-diabetic group; white circles, non-diabetic + exendin-4; black squares, streptozotocin-induced diabetes group; white squares, diabetes + exendin-4 group. b Creatinine clearance. Hyperfiltration in the diabetic (DM) nephropathy group was significantly decreased by exendin-4 treatment (DM+EX) at 8 weeks. *p< 0.05 vs non-diabetic + exendin-4 (ND+EX); **p<0.01 vs ND; † p< 0.05 vs DM. c-f Periodic acid-methenamine-silver (PAM) staining in glomeruli (original magnification ×200). g-j Periodic acid-Schiff's reagent staining in the kidney (×100). k Glomerular size (tuft area). Glomerular hypertrophy was significantly greater in the DM group than in the ND groups. Exendin-4 treatment significantly suppressed glomerular hypertrophy. ***p<0.001 vs ND and ND+EX; † † p<0.01 vs DM. l Mesangial matrix index, calculated by the PAM-positive area in the tuft area, was significantly increased in the DM group. Exendin-4 treatment significantly reduced mesangial matrix expansion. ***p< 0.001 vs ND and ND+EX; † † † p<0.001 vs DM. n=5 animals in the untreated ND group; n=6 animals per group in the three other groups. k, l Glomeruli: n=30 from each rat kidney; n=4 per group. Values are the means ± SEM Electronic supplementary material (ESM) Table 1 . To visualise gene expression, individual DNA fragments were electrophoresed on a 2% (wt./vol) agarose gel (SigmaAldrich) and treated with ethidium bromide. cDNAs of the human pancreas (Takara Bio) and of rat islet-cell tumour cells (RIN-5F; DS Pharma Biomedical, Osaka, Japan) were used as positive controls.
Urinary 8-OHdG excretion
8-OHdG is a marker of oxidative DNA damage [29] . Urinary 8-OHdG concentration in a 24 h urine collection was measured with a kit (8-OHdG ELISA; JalCA) according to the manufacturer's instructions.
Nuclear factor-κB activation Nuclear proteins of kidney tissues were extracted by a nuclear extract kit and nuclear factor-κB (NF-κB) p65 activity determined by ELISA using reagents (Active-Motif; Carlsbad, CA, USA) according to the manufacturer's instructions. Absorbance was normalised to milligram cell protein.
Western blotting
Cells were lysed with cell lysis buffer containing 10 mmol/l TRIS (pH 7.4), 1% (vol./vol.) Triton X-100, 0.5% (vol./vol.) Nonidet P-40 and phosphatase inhibitor cocktail, 150 mmol/l NaCl, 1 mmol/l EDTA, 0.2 mmol/l EGTA, vanadate and phenylmethanesulfonyl fluoride. The cell lysates were subjected to 7.5% SDS-PAGE (Bio-Rad Japan, Tokyo, Japan). The separated proteins were transferred to polyvinylidene fluoride membranes (Bio-Rad) by electrotransfer. The blots were subsequently blocked with 5% (vol./vol.) skimmed milk (Nacalai Tesque, Kyoto, Japan) and then incubated with GLP-1R rabbit antibody (1:500; Abcam) and ICAM-1 mouse antibody (1:100; Abcam) for 12 h at 4°C, or with β-actin rabbit antibody (1:1,000; Sigma-Aldrich) for 1 h at room temperature. The membrane was incubated with horseradishperoxidase-linked donkey anti-rabbit or anti-mouse IgG (1:5,000; GE Healthcare Japan, Tokyo, Japan) at room temperature for 2 h. The blots were then visualised with a western blotting detection system (ECL plus; GE Healthcare).
Culture
Human glomerular microvascular endothelial cells (hGECs) (ACBRI, Kirkland, WA, USA) were cultured in EGM-MV2 medium (Cambrex, East Rutherford, NJ, USA) supplemented with 19.4 mmol/l D-glucose, 10% (vol./vol.) FCS and growth factor within a gelatin-precoated flask in a 5% CO 2 incubator at 37°C.
THP-1 cells (a human monocytic cell line; JCRB, Tokyo, Japan) were cultured in RPMI 1640 supplemented with 10 mmol/l D-glucose, 10% FCS and growth factor in a 5% CO 2 incubator at 37°C.
Human circulating monocytes
The human circulating monocytes were extracted using lymphocyte separation medium (MP Biomedicals, Tokyo, Japan) according to the manufacturer's instructions. After incubation in RPMI 1640 with 50 ng/ml phorbol myristate acetate (Sigma-Aldrich) for 24 h, total RNA was collected from the attaching cells as described above. (7) high glucose with 100 nmol/l exendin-4 and 1000 nmol/l GLP-1R antagonist (9-39) (Bachem). After incubation for 72 h, total RNA and supernatant fractions were collected from the cells. The supernatant fractions were measured using a human TNF-α and IL-1β immunoassay (Quantikine; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions.
The effect of GLP-1 in hGECs
After starvation for 12 h, hGECs were exposed to the following conditions: (1) no TNF-α stimulation (control); (2) 100 pg/ml TNF-α alone; (3) TNF-α with 2.5 nmol/l exendin-4; (4) TNF-α with 10 nmol/l exendin-4; (5) TNF-α with 100 nmol/l exendin-4; and (6) TNF-α with 100 nmol/l exendin-4 and 1000 nmol/l GLP-1R antagonist . After incubation for 6 h, total RNA and protein were collected from cells as described above. Recombinant human TNF-α was purchased from R&D Systems.
Statistical analysis
All values are expressed as the means ± SEM. Differences between groups were examined for statistical significance using the Mann-Whitney test or one-way ANOVA followed by Scheffe's test. Values of p<0.05 were considered to indicate statistically significant differences. 
Results
Metabolic variables and urinary albumin excretion
Body, organ weights and systolic BP As seen in Table 1 , body weights of the diabetic groups at 8 weeks after initiation of exendin-4 treatment were significantly lower than those of the non-diabetic groups. The kidney weights per body weight of the diabetic groups were significantly higher than those of the non-diabetic groups. There were no significant differences among the diabetic groups. Systolic BP was similar in all groups.
Food intake, HbA 1c and insulin Food intake and HbA 1c were significantly elevated in the diabetic groups. However, there were no significant differences among the diabetic groups. Although GLP-1 has beta cell-protective effects, serum insulin concentration was not detectable in the diabetic groups in spite of the high blood glucose levels (data not shown).
Urinary albumin excretion and creatinine clearance Urinary albumin excretion, which is a characteristic feature of the early stage of diabetic nephropathy, increased progressively in the diabetic groups during the study. Exendin-4 treatment significantly reduced urinary albumin excretion compared with that of the diabetes group at 8 weeks (Fig. 1a) . In addition, exendin-4 treatment prevented diabetes-induced hyperfiltration (Fig. 1b) .
Kidney morphology
The level of glomerular hypertrophy was significantly higher in the diabetes group than in non-diabetic groups. In contrast, exendin-4 treatment inhibited glomerular hypertrophy (Fig. 1c-f, k) in diabetes. Quantitative analysis showed that mesangial matrix index, which was used as an index of mesangial expansion, was significantly increased in the diabetes group. However, exendin-4 treatment significantly reduced mesangial matrix expansion (Fig. 1l) . The renal interstitium showed a significantly higher level of tubular hypertrophy in the diabetic groups than in non-diabetic groups. However, there was no remarkable difference among the diabetic groups. In addition, no histological change of fibrosis in the renal interstitium was seen in any of the groups (Fig. 1g-j) .
Microinflammation in the kidney
To evaluate the anti-inflammatory effect of exendin-4 in the kidney, we examined gene expression of Cd14, which is regarded as a cell surface marker of macrophages, as well as expression of Icam1 and Tgfb1 in the cortex. Cd14, Icam1 and Tgfb1 were significantly upregulated in the diabetes group and significantly downregulated by exendin-4 treatment (Fig. 2a-c) . Regarding the glomeruli, we evaluated macrophage infiltration, and ICAM-1 and type IV collagen levels in glomeruli. The number of macrophages in glomeruli was significantly elevated in the diabetic compared with the non-diabetic groups. In contrast, exendin-4 treatment significantly prevented glomerular macrophage infiltration (Fig. 2d-g, p) in diabetes. The ICAM-1 level was significantly increased in the diabetic groups, but was significantly reduced by exendin-4 treatment (Fig. 2h-k, q ). The type IV collagen level, which is an important component in the mesangial matrix, was significantly increased in the diabetes group and significantly reduced by exendin-4 treatment (Fig. 2l-o, r) .
Influence of exendin-4 on oxidative stress
To evaluate oxidative stress, we focused on 8-OHdG and NOX4. Urinary excretion of 8-OHdG was significantly increased in the diabetic groups compared with the nondiabetic groups. Exendin-4 treatment significantly decreased urinary excretion of 8-OHdG in diabetes (Fig. 3a) . Immunoperoxidase staining for 8-OHdG revealed a significant abundance of 8-OHdG in glomeruli in the diabetic groups, which was significantly reduced by exendin-4 treatment (Fig. 3b-e, j) . Nox4 gene expression in the cortex was significantly upregulated in the diabetes group and significantly downregulated by exendin-4 treatment (Fig. 3k) . We demonstrated the presence of NOX4 in glomerular endothelial cells in the rat kidney (ESM Fig. 1h-k) . Immunoperoxidase staining for NOX4 revealed a significant abundance of NOX4 in the diabetic kidney. However, exendin-4 treatment significantly reduced the level of NOX4 in diabetes (Fig. 3f-i, l) .
NF-κB activation in the kidney
The activation of NF-κB p65 DNA-binding activity was significantly enhanced in the diabetes compared with the nondiabetic groups. Exendin-4 treatment significantly inhibited NF-κB p65 DNA-binding activity in diabetes (Fig. 3m) .
GLP-1R in rat glomeruli
We demonstrated the existence of GLP-1R in rat glomeruli (Fig. 4a, d ). Double immunofluorescence staining revealed production of GLP-1R on glomerular endothelial cells (Fig. 4e-h ). In addition, we ascertained that GLP-1R was produced on macrophages in rat glomeruli (Fig. 4i-l) . The GLP-1R levels in glomeruli were not significantly different among the groups (ESM Fig. 1a-g ). 
GLP-1R in human macrophages and hGECs
We identified the existence of GLP-1R in THP-1 cells and hGECs (Figs 5a, b and 6a, b) . In addition, we examined GLP1R gene expression in human circulating monocytes. We demonstrated that the GLP-1R gene was not only expressed in the THP-1 cell line, but also in human circulating monocytes (Fig. 5a) .
The effects of GLP-1 through GLP-1R on THP-1 cells and hGECs THP-1 cells stimulated with a high concentration of glucose for 72 h showed significantly enhanced levels of TNF and IL1B gene expression. Exendin-4 significantly and dosedependently attenuated TNF and IL1B gene expression. Additionally, the effects of exendin-4 were significantly blocked by a GLP-1R antagonist (Fig. 5c, d) . Similarly, exendin-4 significantly suppressed TNF-α and IL-1β secretion from THP-1, effects that were also significantly blocked by the GLP-1R antagonist (Fig. 5e, f) .
hGECs stimulated with TNF-α for 6 h showed significantly enhanced ICAM1 gene expression. Exendin-4 significantly and dose-dependently attenuated ICAM1 gene expression. In addition, the effect of exendin-4 was significantly blocked by the GLP-1R antagonist (Fig. 6c) . Likewise, exendin-4 significantly suppressed TNF-α-induced ICAM-1 production on hGECs, an effect that, again, was also significantly blocked by the GLP-1R antagonist (Fig. 6d, e) .
Discussion
In the present study, we showed that exendin-4 exerted renoprotective effects through anti-inflammatory actions without lowering the blood glucose level in a streptozotocin-induced rat model of type 1 diabetes. In addition, exendin-4 inhibited NF-κB activity in the kidney, which is known to contribute to cross-talk between inflammation and oxidative stress. We also found that GLP-1R was produced in rat, and in cultured macrophages and glomerular endothelial cells. Exendin-4 acted directly on GLP-1R and attenuated production of pro-inflammatory cytokines and ICAM-1 in vitro. This is the first report of a GLP-1R agonist directly contributing, via its anti- Fig. 4 The production of GLP-1R in rat glomeruli. a Glp1r gene expression in rat glomeruli. r-P: rat positive control (RIN-5F: rat isletcell tumour). b Immunoperoxidase staining for GLP-1R, with negative control in rat pancreas islet cells, (c) positive control in rat pancreas islet cells and (d) rat glomeruli. e-h Double immunofluorescence staining for GLP-1R and glomerular endothelial cells as labelled. RECA-1, rat endothelial cell antigen. i-l Double immunofluorescence staining for GLP-1R and macrophages inflammatory effects, to amelioration of characteristic features of diabetic nephropathy, such as increased urinary albumin excretion, glomerular hypertrophy and mesangial matrix expansion.
The current results suggest that exendin-4 alleviated the above-mentioned features by suppressing: (1) ICAM-1 production; (2) macrophage infiltration; (3) NF-κB activation; (4) oxidative stress; and (5) Tgfb1 mRNA expression and type IV collagen accumulation in the kidney.
An increase in the level of ICAM-1 on glomerular endothelial cells promotes macrophage infiltration into glomeruli [12, 14] . In our study, exendin-4 prevented macrophage infiltration into glomeruli. The mechanism underlying this effect was thought to be the suppression of ICAM-1 production on glomerular endothelial cells and direct inhibition of cytokine release from macrophages, which breaks the vicious cycle between macrophages and glomerular endothelial cells that gives rise to microinflam- mation. In HUVECs, treatment with liraglutide, a longacting GLP-1 analogue, has also been shown to inhibit TNF-α or hyperglycaemia-mediated induction of ICAM-1 gene and protein [30] . These reports support our present findings. In our study, high glucose (15 mmol/l) stimulation for a period of 24 to 72 h did not significantly enhance ICAM1 gene expression in hGECs (data not shown).
Macrophages play a critical role in the development of diabetic nephropathy. In vitro, the culture supernatant fraction of macrophages has been shown to stimulate mesangial cells to produce fibronectin [31] , while macrophages directly secrete TGF-β [32] . Both of these processes play a central role in the enhancement of glomerular extracellular matrix production in diabetic nephropathy [33, 34] . Based on these previous and our present findings, we conclude that the inhibition of macrophage infiltration by exendin-4 has a beneficial effect on suppressing progression of diabetic nephropathy.
In the diabetic state, many factors contribute to elevated NF-κB activation [35] . NF-κB is also the most important transcription factor regulating ICAM-1 production [36] . Arakawa et al. [37] reported that exendin-4 suppressed NF-κB activation of lipopolysaccharide-induced macrophages, suggesting that exendin-4 reduced direct NF-κB activation in macrophages. The reduction of NF-κB activity by exendin-4 may lead to inhibition of ICAM-1 levels and suppression of pro-inflammatory cytokines derived from macrophages. hGECs stimulated with TNF-α (100 pg/ml) for 6 h showed significantly enhanced ICAM1 expression. Exendin-4 (EX) significantly and dose-dependently suppressed ICAM1 gene expression. GLP-1R antagonist (1,000 nmol/l; anti-EX) significantly inhibited the suppressive effect of 100 nmol/l exendin-4 (EX100) on ICAM1 expression. Values (means ± SEM) are presented as fold relative to ACTB and expressed as 1 in control (no TNF-α stimulation); n=5 per group. The experiment was repeated three times. **p<0.01 vs control; † p<0.05 vs TNF-α stimulation; ‡ p<0.05 vs TNF-α + 100 nmol/l EX (EX100). d ICAM-1 production in hGECs by western blotting analysis, with (e) quantification. hGECs stimulated with TNF-α (100 pg/ml) for 6 h significantly promoted ICAM-1 production. Exendin-4 significantly suppressed ICAM-1 production. Anti-EX significantly inhibited the suppressive effect of EX100 on ICAM-1 production. Values (means ± SEM) are presented as fold relative to β-actin and expressed as 1 in control (no TNF-α stimulation); n=5 per group. The experiment was repeated twice. ***p<0.01 vs control; † p<0.05 vs TNF-α stimulation; ‡ p<0.05 vs TNF-α + EX100. EX2.5, 2.5 nmol/l exendin-4; EX10, 10 nmol/ l exendin-4
Oxidative stress and inflammation are closely related to each other and create a vicious cycle in the diabetic state. Gorin et al. [38] showed that NADPH oxidase, and especially the NOX4 component of NADPH in the kidney, is important as the major source of oxidative stress in streptozotocin-induced diabetic nephropathy. Although many stimuli activate NOX4 production, cytokines and shear stress are important factors in the diabetic state [39] . NOX4 has been reported to be produced on epithelial cells [40] and mesangial cells [27] , and was confirmed to be produced on endothelial cells in this study. In our study, exendin-4 suppressed NOX4 levels in the kidney. We speculate that reducing the release of pro-inflammatory cytokines from macrophages and normalising hyperfiltration by exendin-4 treatment may have contributed to the suppression of NOX4 production. Etoh et al. [27] reported that localisation and levels of NOX4 were in parallel with those of 8-OHdG. Therefore, the reduction of NOX4 level by exendin-4 treatment would contribute to a decrease in 8-OHdG production in glomeruli. Park et al. [25] also reported similar results in regard to 8-OHdG reduction by exendin-4 in a mouse model of type 2 diabetes. We speculate that exendin-4 contributes to an attenuation of oxidative stress and that this helps ameliorate diabetic vascular complications.
It is well known that GLP-1 signalling through GLP-1R enhances cyclic AMP as a second messenger [41] . Previous reports have revealed that an increase in activity of the cyclic AMP/protein kinase A pathway suppresses NF-κB activity in THP-1 cells and HUVECs [42] , and inhibits NADPH oxidase [43] . These findings support our finding that exendin-4 modulated the inflammatory vicious cycle in the kidney.
In our model, exendin-4 did not affect blood glucose levels, blood pressure, food intake or body weight as it has been shown to do in models of type 2 diabetes. To determine that the effects of exendin-4 occurred without lowering of blood glucose, we started exendin-4 treatment at 1 week after the streptozotocin injections and confirmed that exendin-4 did not restore insulin secretion in our model. A much higher dose than that used in our study would have been necessary to reduce blood pressure in diabetic rats [26] . GLP-1 inhibits food intake and results in weight loss [18, 20, 21] . In the present study, the non-diabetic group treated with exendin-4 had decreased food intake and weight loss compared with the control group, but there were no significant differences. It is difficult to differentiate the effect of exendin-4 from the significant weight reduction that is generally seen in the model of type 1 diabetes.
In this study, the ratio of kidney weight to body weight in the diabetic groups was significantly increased in diabetic rats compared with the non-diabetic groups. However, exendin-4 treatment did not affect them. As periodic acid-Schiff's reagent staining revealed, exendin-4 did not ameliorate tubular hypertrophy. Tubular hypertrophy may be the main factor contributing to kidney weight, and we need to investigate a longer period to appreciate the effect of exendin-4 on tubular hypertrophy and interstitial fibrosis. Additionally, exendin-4 prevented diabetesinduced hyperfiltration. Previous reports have revealed that hyperfiltration was improved by exendin-4 treatment in obese diabetic patients [44] and the db/db mouse model [25] . There has been no report that exendin-4 affects creatinine clearance in a later stage of diabetic nephropathy.
The inflammatory process is involved in the mechanism of obesity-related insulin resistance [45] and in the pathogenesis of atherosclerosis [46] . Moreover, there is also a close relationship between chronic renal insufficiency and the cardiorenal syndrome, through several pathways including inflammation [47, 48] . GLP-1R agonists might be beneficial for these diseases through their anti-inflammatory effects. Recently, Arakawa et al. [37] reported an antiinflammatory effect of exendin-4 in an animal model of atherosclerosis. Their report also pointed out the importance of exendin-4 as a potential therapeutic agent for cardiovascular disease in diabetes.
In conclusion, we have shown that exendin-4 exerts renoprotective effects through anti-inflammatory actions without lowering blood glucose in a streptozotocin-induced rat model of type 1 diabetes. Furthermore, exendin-4 directly acted on GLP-1R and suppressed production of pro-inflammatory cytokines and ICAM-1. This study may provide the first evidence that GLP-1R agonists directly contribute to the prevention of diabetic nephropathy via an anti-inflammatory effect.
